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The program for Arctic Regional Climate Assessment (PARCA) is a NASA-

funded project with the prime goal of addressing the mass balance of the Greenland ice
sheet. Since the formal initiation of the program in 1995, there has been a significant
improvement in the estimates of the mass balance of the ice sheet. Results from this
program reveal that the high-elevation regions of the ice sheet are approximately in
balance, but the margins are thinning (Krabill et al., 2000). Laser surveys reveal
significant thinning along 70 percent of the ice sheet periphery below 2000 m elevations,
and in at least one outlet glacier, Kangerdlugssuaq in southeast Greenland, thinning has
been as much as 10 m/yr (Thomas et al., 2000). This study examines the albedo
variability in four outlet glaciers to help separate out the relative contributions of surface
melting versus ice dynamics to the recent mass balance changes. Analysis of AVHRR
Polar Pathfinder albedo shows that at the Petermann and Jakobshavn glaciers, there has
been a negative trend in albedo at the glacier terminus from 1981 to 2000, whereas the
Stor+strommen and Kangerdlugssuaq glaciers show slightly positive trends in albedo.
These findings are consistent with recent observations of melt extent from passive
microwave data which show more melt on the western side of Greenland and slightly less
on the eastern side. Significance of albedo trends will depend on where and when the
albedo changes occur. Since the majority of surface melt occurs in the shallow sloping
western margin of the ice sheet where the shortwave radiation dominates the energy
balance in summer (e.g. Jakobshavn region) this region will be more sensitive to changes
in albedo than in regions where this is not the case. Near the Jakobshavn glacier, even
larger changes in albedo have been observed, with decreases as much as 20 percent per
decade. Using a simple energy balance model to derive melt rates, a 20 percent/decade
decrease i m albedo will result in 29 percent more melt at 500 m and 189 percent more
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B&)(fn n% o?gors 2000] Results from this program have revealed that the high-
elevation regions of the ice sheet are approximately in balance, but the margins are
rapidly thinning [Krabill and others, 2000]. Laser surveys reveal significant thinning
along 70% of the ice sheet periphery below 2000m elevations. At the same time, passive
microwave-derived melt estimates show a 1%/yr increase in melt area since 1979
[Abdalati et al., 2001]. This melt is directly related to ablation through runoff and
surface evaporation and indirectly linked to increased discharge through lubrication of




the bedrock/ice. Since the dominant source of energy for melting during summer comes
from the absorption of solar radiation, the albedo becomes an important parameter in
understanding melt. Unfortunately, there have been a limited number of studies on the
variability of albedo of the Greenland ice sheet, in part because of the lack of reliable
albedo estimates. Some studies have looked at the variability in albedo at certain
locations around Greenland using satellite imagery [e.g. Stroeve,2002; and Knap and
Oerlemans,1996].

The Jakobshavn glacier is known to be one of the fastest discharge glaciers in the
world, moving at a rate of approximately 7 km per year (~20 m/day). This glacier is
located in west Greenland (69.2°N, 49.8°W) and calves new icebergs into Disko Bay
every day, some of which are several kilometers long. This greatest iceberg-producing
glacier measures only 7 kilometers along its front and is 90 meters above sea level.
Studies have shown that the total calving flux during summer is substantially greater than
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anomalies [Abdalati et al., 2001]. However, Thomas et al. [2003] report sustained
thinning of several meters per year within 20 km of the ice front since 1997. They
conclude that the thinning since 1997 results from dynamic processes rather than
increased melting or reduced snowfall. However, sustained changes in summer
temperature will have an immediate impact on surface melt rates, which may affect
glacier dynamics by lubrication of the bed by melt water. Therefore, an increase in
surfacgrmeltin fipmaer HetpiBeipiitaes P RHb ecIReRRs cbangBsbns DR LT ibe Matbhalansas
iletigdakabshavhglecianand syseaundingamtis for the Jakobshavn glacier and other
glaciers, this study examined the albedo variability from April through September using
satellite imagery at four outlet glaciers and 5 Automatic Weather Stations (AWS) sites
near the Jakobshavn glacier. The longest, most consistent estimate of the surface albedo
of polar regions comes from the Advanced Very High Resolution Radiometer (AVHRR)
Polar Pathfinder (APP) data set. This product is used to examine albedo variability from
1981 to 2000. Data from the Moderate Resolution Imaging Spectro-Radiometer
(MGRIgdn dbsiMiwdtiahele Bomging Spe uneatliomeid kYIRS wsed o esaminhdhe
sliesle dba2®bbtion ITI discusses the albedo variability in the individual glaciers and
the Jakobshavn region and shows how 2002 compares with the long term mean in
western Greenland. Section I'V discusses the significance of the albedo variability in
western Greenland terms of changes in ablation and section V follows with a discussion

as to some of the causes for the large reductions in albedo observed during 2002.
2. Data and Processing Steps
2.1 Study Region




Figure 1 shows the location of the four glaciers studied: Petermann, Storstrommen,
Kangerdlugssuaq and Jakobshavn. These are briefly discussed below. All glacier
boundary information came from the Geological Survey of Denmark and Greenland

(GUES).

Figure 1. Location of glaciers investigated in this study.

Kangerdlugssuaq Glacier

This glacier is located on the east coast of Greenland (68°N, 33°W). In the past five
years, the Kangerdlugssuaq glacier has thinned about 50 m (Thomas et al., 2000). An
AWS is located within this region and can provide additional and validation information
on the surface albedo and other fluxes. The catchment region of Kangerdlugssuaq glacier
is well defined and velocity estimates have been made for 1966, 1988, 1996 and 1999.
Details are given in Thomas ez al. (2000).




Storstremmen Glacier

Situated in northeast Greenland (77°N, 23°W) near Dove Bay and Danmarkshavn, this
glacier has been quiescent in the past few years, after surging in the 1980s (Bgggild et al.,
1994; Reeh et al., 1994). Thus, all current mass balance losses/gains at the stagnation
point (77°N, 22.7°W) are attributable to ablation/accumulation variability.

Petermann Glacier

Petermann glacier is a large glacier that is in a state of negative mass balance (Rignot et
al., 1997). It has a catchment of 71,580 km? and discharges at about 12 km®*/yr. In 2002,
there was about 1.5m ablation (K. Steffen, pers. comm.) A comprehensive new survey
was performed in 2002 using the NASA airborne laser altimeter. These altimeter data
have characterized both surface elevation and surface roughness and are new
deployments of are planned for 2003 and into the future (W. Krabill, pers comm.).
Moreover, Petermann is a very wide glacier with flat and shallow freeboard, and
experiences a tremendous degree of basal melting - nearly ten times that of the ice
shelves in Antarctica (Rignot, 1996). Thus, understanding the relative importance of

ﬂui{a%e ltlo bas&]lmelt is important for accurate interpretation of the balance mechanisms.
akobshavn Glacier

The Jakobshavn glacier (69.2°N, 49.8°W) in west Greenland is believed to by the fastest
flowing glacier, with 7 km per year movement (20m/day). The glacier Jakobshavn
catchment area lies within the dry-snow zone but a significant portion also includes the
percolation and ablation regions with significant annual melt rates of several m a’ per
year. Within this region of the ice sheet there are several automatic weather stations,
which are part of the Greenland Climate Network (GC-Net) [Steffen et al., 1996], starting
with JAR 3 (69.2°N, 50.2°W) at 323 m elevation, followed by JAR 2 (69.3°N, 49.5°W) at
650 m and JAR 1 (69.5°N, 49.7°W) at 962 m. At the equilibrium line altitude there is
another AWS, the Swiss Camp (69.6°N, 49.3°W) at 1149 m. These stations provide data
along the glacier and as such, they are useful for comparison with albedo estimates from
satelllte imagery. Of all our study aiamers Jakobshavn is the one w1th the most
DT chenoIve e oF MBBeR e akqhshavn elacier draped over a digital glevation

xtensQ%Flaser altimeter mapping of the glacier took place in 1997, 1998, and 2002.
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Figure 2. MISR image during May of the Jakobshavn glacier. The albedo is seen to be
high surrounding the glacier tongue, albedo near 0.8, but on the glacier tongue the
albedo is much lower, near 0.4 (bare ice).

2.1 AVHRR Polar Pathfinder Data
Clear sky surface albedo from 1981 to 2000 comes from the AVHRR Polar

Pathfinder (APP) data set, archived and distributed by the National Snow and Ice Data
Center (NSIDC). The data set is available twice daily at two different spatial resolutions,
1.25 km and 5 km. The 5 km data set spans July 1981 through December 2000, whereas
the 1.25 km product only covers August 1993 through December 1998 for the northern
hemisphere with significant gaps between 1993 and 1998. Product data include
calibrated reflectances (visible channels) and temperatures (thermal channels) for five
AVHRR channels, clear sky surface broadband albedo and skin temperature, solar zenith
angle, satellite elevation angle, sun-satellite relative azimuth angle, surface type mask,



cloud mask, orbit mask, and time of acquisition. The data have been composited onto two
grids per day based on common local solar times and scan angle. Since the 1.25 km
resolution data only have a limited temporal coverage, the coarser 5 km product was used
instead.

For each station, as well as for the entire Jakobshavn drainage basin, clear sky surface
albedo were extracted from the APP 5-km product. Although a cloud mask accompanies
the APP data set, this cloud mask was found to be inadequate over Greenland [Stroeve,
2002]. Therefore it was necessary to manually cloud filter all the albedo images. This
was accomplished by visual inspection of the surface temperature and albedo images.
Following filtering the images for clouds, monthly mean albedo were derived for each
A
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albedo is dependent upon the solar zenith angle. To minimize this effect, all albedo were
normalized to local solar noon, using a polynomial fit to modeled albedo simulations
obtained using the Discrete Ordinates (DISORT) model [Stammes et al. 1988]. In

modeling the surface albedo a constant snow grain size of 250 microns was assumed.

The o5 T ISSBIRHYY MSAMSAPERARP R 6T 5T vgd: 2 monthly climatology plus

departures from the mean (monthly anomalies) were calculated. The data were then
resampled to 625-m using nearest neighbor sampling to overlay the albedo on a Digital
Elevation Model (DEM). The DEM used is an enhanced version of the DEM provided
by KMS (Ekholm, with contributions from Bamber), using AVHRR images to improve
the spatial detail of the interior of the Greenland ice sheet (no closer than 15km from the
nearest rock exposure). The AVHRR images used in improving the DEM (approximately
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%Q&MG&% Tl siru-measured surface albedo at several AWS in Greenland,
including two stations in the ablation region on the western margin of the ice sheet.
Results from the study showed that the albedo was approximately 6% less (in terms of
absolute albedo) than that measured at the AWS. In a more recent study, Ahlstrom (in
press) compared APP albedo during 2000 in the ablation region along the western ice
margin. Results indicated that the APP albedo was on average 4.2% (absolute albedo)
less than that measured locally. The study also concluded that the narrow-to-broadband
(NTB) model used in the APP product performed equally well over the entire range of
broadband albedos from 0.09 to 0.63. This result is important to the present study since it

7ndiMQDES and MISR BptellisgRatanow and ice albedo in the APP product.

To extend our study to include more recent years, the surface albedo for 2002 is
derived for the Jakobshavn glacier using data from both MODIS and MISR flown on the
Terra platform. Table 1 lists the number of clear-sky MISR and MODIS images
processed. Surface albedo is derived from the MODIS Level 1B data gridded to the 1.25-




km EASE grid using channels 1-5 following Stroeve and Nolin [2003]. This method uses
a linear combination of MODIS spectral channels 1-7 to derive the surface albedo. The

MISR Level 1B data

Table 1. List of MISR and MODIS I evel1R i
MISR MODIS
04/21/02 06/02/02
04/28/02 06/12/02
05/02/02 06/16/02
05/30/0?2 06/29/0?2
07/01/02 07/01/02
09/02/02 07/07/02
07/08/02
08/01/02
0R/29/02
09/01/02.

is used to derive the surface albedo at 275-m spatial resolution using a linear combination

of the red channel multiangle measurements as described in gStroeve and Nolin, 2002].
Figure 3(a) and (b) show how well the MISR and MODIS albedo using the methods

of Stroeve and Nolin [2003; 2002] compare with in situ measurements available from
some of the GC-Net AWS. In Figure 3(a), 53 MISR predicted albedo are compared with
albedo measurements from 7 different AWS locations, including sites in the
accumulation and ablation regions using MISR imagery acquired in 2000, 2001 and
2002. Some large scatter is observed at low albedo values, which reflects the difficulty in
kg S paeon e sl D g PO BRIV 1 W
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in the MODIS results than in the MISR results. Similar problems are observed in the
AVHRR albedo and are in part a result of the accuracy of the Bidirectional Reflectance
Distribution Function (BRDF) model used in converting from a directionally dependent
satellite measurement to a hemispherical albedo measurement. When the satellite
viewing angles are oblique, the BRDF model does not perform as well, and large errors

in the surface albedo occur. Therefore, for the MODIS data, we limited the satellite
vieviangianghn to leradiannidHe s fiodich e telivssat b Hsitteariary iblthe RRDF
afysestigRined albedo from the MODIS 16-day (MODA43) albedo product [Schaaf et al.,
2002]. This product includes black sky (direct beam directional hemispherical albedo)
and white sky albedo (completely diffuse bihemispherical albedo) for the first seven
spectral bands of the MODIS instrument as well as for three broadbands (0.3 — 0.7um,
0.7-5.0pm, 0.3-5.0um). Intercomparisons with in situ data at several of the AWS reveal
that the MOD43 albedo is within 5% of the in situ albedo [Stroeve et al., submitted].
Here we use the MODA43 albedo product to examine the albedo from 2000-2002.
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Figure 3(a). Comparison between MISR-predicted and in situ measured surface albedo
at several AWS sites in Greenland using data from 2000, 2001 and 2002.
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Figure 3(b). Comparison between MODIS-predicted and measured surface albedo over
Greenland using data from 2000 and 2001.

3. Results

3.1 Seasonal Variability of Albedo
The following figures summarize the seasonal variability in surface albedo for the

drainage basin of the individual glaciers as defined by the corner points from GUES.
Results are shown for three locations: at the glacier terminus, mid-way up the glacier and
at the start of the drainage basin.




Petermann Glacier
At the start of the glacier boundary there is some decrease in albedo during summer as

the snow melts and exposes the bare ice below. Similarly, mid-way down the glacier the
albedo shows a similar seasonal variability, but with slightly lower albedo during July
and August than at the start of the glacier boundary. Snow-fall in later summer brings the
surface albedo back up to values near the start of the summer. At the glacier terminus
however, not much snow-fall occurs and the albedo during April and May is that of bare
ice (0.6). As the temperatures warm during summer, surface melting causes the albedo to
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Figure 4. Seasonal variability of albedo at the Petermann glacier.



Kangerdlugssuaq Glacier

The start of this glacier there is not much seasonal variability in the surface albedo. The
elevations are above 2000m and thus little or no melt occurs. However, further
downstream the snow does melt off the glacier during summer exposing the bare ice and
at the glacier terminus the surface albedo remains low from July through September. In
contrast to the Petermann glacier, the Kangerdlugssuaq glacier receives more snowfall
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Figure 5. Seasonal variability at the Kangerdlugssuaq glacier.




Storstremmen Glacier

Storstrommen is a large discharge glacier that experiences a large seasonal variability in
surface albedo throughout the glacier. Large decreases in albedo are observed at the start
of the glacier boundary during summer as well as throughout the drainage basin. In
contrast to the Petermann and Kangerdlugssuaq glaciers, the albedo at the terminus

reaches its low during July but then increases during August and September. Most the
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Figure 6. Seasonal variability at the Storstremmen glacier
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Jakobshavn Glacier
The Jakobshavn glacier in western Greenland experiences a large amount of ablation

during summer. Even at the upper reaches of the glacier, significant melt occurs and the
snow quickly melts during summer leaving the bare ice exposed. At the glacier terminus
very large decreases in albedo are seen and the albedo remains low from July-September,
whereas upstream new snow causes the albedo during September to return to values
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Figure 7. Seasonal variability at the Jakobshavn glacier.



3.2 Interannual Variability in Albedo
The following figures show the mean surface albedo averaged over the entire glacier

drainage basin for each year as well as the departures from the mean (given in units of
standard deviation). Missing data points are a result of not enough clear sky images
during the month to derive the mean for that month.

Petermann Glacier
During the early to mid-80s the albedo show similar seasonal cycles, but during the late

80s and the mid to late 90s there is a tendency towards lower mid-summer albedo. In
addition, in the mid to late 90s the seasonal variability in albedo has increased in
amplitude, with lower summer albedo than in previous years, suggesting increased
ablation during this time-period. Overall, there is a slightly negative albedo trend which
is influenced by the decrease observed during the past decade. "
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Figure 8(a). Surface albedo from 1981-2000 at the Petermann Glacier.




i f 1
3 2 ]
g8 SN
£ '\nﬁx A th 1
BT = PRI I
8 | R
g [

Iljll

—4 i i L 1 : I L 1 1 I { 1 | I ) i 1 1 i

81 82 B3 B4 BS 86 &7 BF 89 890 9Y 9285 94 35 96 97 98 39 WO U1

Figure 8(b). Departures from the mean.

Kangerdlugssuaq Glacier
In contrast to the Petermann glacier there is a stronger seasonal cycle of the surface

albedo for this glacier. This is because the Petermann glacier does not experience a lot of
snowfall, whereas the Kangerdlugssuaq glacier does. In the late 80s and early 90s the
albedo was observed to be anomalously low during spring and late summer compared to
the previous years. The low albedo observed in 1988, 1990 and 1995 correspond to
earlier melt (e.g. April-June) which agrees with previous passive microwave melt
observations in this area. Overall there is a slightly positive trend in the surface albedo
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Figure 9(a). Surface albedo from 1981-2000 at the Kangerdlugssuaq Glacier.
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Figure 9(b). Departures from the mean.

Storstremmen Glacier

This glacier also experiences even larger seasonal variability than the Kangerdlugssuaq
glacier. Anomalously low albedo were observed during the mid 80s when the glacier
was surging, but since then, the trend has been towards an increase in the surface albedo,
especially during the late 90s. Since the glacier is now known to be quiescent it is not
surprising that the albedo increased during the 90s compared with the 80s.
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Figure 10(a). Surface albedo from 1981-2000 at the Storstremmen Glacier
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Figure 10(b). Departures from the mean.

Jakobshavn Glacier
Again, large seasonal variability in surface albedo occurs for this glacier. The low albedo

during 1995 agrees with observations of surface melt from passive microwave data.
Similarly, the peak in 1996 corresponds to early freeze-up and an overall low melt year.
The peak in 1992 corresponds to the eruption of Mt. Pinatubo during summer 1991 that
resulted in low temperatures during 1992 and very little melt. Similarly, the anomalously
high albedo in 1983 followed from the eruption of El Chichon.
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Figure 11(a). Surface albedo from 1981-2000 at the Jakobshavn Glacier.
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Figure 11(b). Departures from the mean.

3.3 Monthly Trends in Albedo
The following figures show the individual monthly trends in surface albedo for each

glacier together with the standard deviation. Results are given for at the glacier terminus,
mid-way up the glacier, at the start of the drainage basin, and the average of the entire
glacier drainage basin.

Petermann Glacier
No significant changes in albedo near the upper reaches of the glacier, except during

September. However, there are decreases in albedo during June and July near the
terminus of the glacier. Thus, some of the recent thinning at this glacier could be a result
of increased surface melt, which appears to be governed by the large reductions in albedo
observed during the late 90s. However, we remain cautious in interpreting trends at the
glacier terminus because of the potential for contamination of the glacier pixel by the
surrounding land/water. In general though, there is a tendency towards lower surface
albedo throughout the drainage basin from June through September.
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Figure 12. Monthly trends in albedo for the Petermann glacier.

Kangerdlugssuaq Glacier
A large positive trend in September albedo is observed throughout the drainage basin but

there is no significant trend in albedo during mid-summer months. In fact, for most of
the glacier, the albedo trends are positive. We do not observe any significant decrease in
albedo at the terminus of the glacier, although this glacier has been shown by laser
altimeter flights to be retreating. Thus, it appears that the recent thinning at terminus is
not a result of increased surface melting.
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Figure 13. Monthly trends in albedo for the Kangerdlugssuaq glacier.

Storstremmen Glacier

At this glacier, diversely different trends are observed at different locations on the
glacier. At the higher elevations (e.g. start of the glacier boundary), there is not a large
change in albedo observed from 1981-2000 except during the month of August where
there has been a negative trend in the surface albedo of around 4%/decade. Further
downstream, the largest negative trend in albedo is also observed during August. At the
glacier terminus however, there is no negative trend in albedo during August. Instead,
there is a slightly negative albedo trend during spring. Overall, the albedo trend has been
positive at this glacier for all months, except August.
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Figure 14. Monthly trends in albedo for the Storstrgmmen glacier.

Jakobshavn Glacier
Little albedo trends are observed over the upper reaches of the glacier and when taken as

a whole, the glacier shows slightly positive trends in albedo during each month. The
largest negative trend in albedo is found during mid and late summer near terminus of
glacier. Thus, results could suggest enhanced summer melt and delay in freeze-up near
end of glacier which would support recent observations of significant retreat of the
Jakobshavn glacier. However, at this glacier as well as at the other glaciers, caution is
needed when interpreting results near the glacier terminus as the satellite pixel is likely a
mixture of not only the glacier, but also the surrounding land and water.




- e e - L-ar=ar -y

R~ -

Figure 15. Monthly trends in albedo for the Jakobshavn glacier.

4. Changes in Albedo near the Jakobshavn Glacier

4.1 Seasonal Variability in Albedo ]
Figure 16 shows the monthly climatologies of albedo for the individual AWS near the

Jakobshavn glaciers. As expected, the strongest seasonal variability in albedo occurs at
the lowest elevation site (JAR3). At this site, albedo in spring and early summer is
slightly greater than 0.6 (bare ice), but as the summer progresses, melt and melt ponding,
result in a rapid decline in albedo so that by August the mean albedo is near 0.26.
However, since this site is located only 200m away from the coast, mixed pixel effects
with the adjacent land may also contribute to the low summer albedo observed at this
station. Furthermore, in mid-melt season, the dust (cryonconite) effect is probably
significant. Cryonconite accumulates on the net ablation surface since the net ice motion
is vertically upward, and therefore, it concentrates at the surface with time leading to low
late-summer albedos at JAR3 (J. Box, pers. comm.).

Slightly further up the ice sheet at JAR2 the albedo values are about 10% higher
during spring and early summer than at JAR3. The surface may be snow-covered during
April, but as the temperatures warm, the snow melts off leaving the bare ice exposed.
Further melting results in significant melt ponding and the albedo reaches its minimum
during August (~0.4). At JARI1, Swiss Camp, and Crawford Point, the albedo during
May and June are similar since the surface is covered by new or dry snow. However,
since JARL is still in the ablation region, the snow melts, exposing the bare ice during
summer and melt ponds form so that the albedo reaches its low of around 0.52 in July.




Melting persists during August and part of September and the albedo is about 10% less at
the end of the melt season (e.g. September) than at the beginning of the melt season (e.g.

April and May).

Swiss Camp is located at the equilibrium line altitude of the Greenland ice sheet. Itis
snow covered at the start of the summer season, but significant melting occurs during the
summer months, particularly in July and August. Melt lakes that form within about 1km
of the AWS contribute to the low albedo observed in the satellite observation for this
station. By September however, new snow fall and colder temperatures cause the mean

albeftb Gravt{ardBaissthprens-little vaniahility in albedo throughout the summer months.

This is expected since the station is in the accumulation region of the ice sheet where
there is little or no melt. There is a slight decrease seen in the albedo during June, July
and August that could be caused by some surface melting or by lack of precipitation and
T=ce a reduction in albedo caused by increase in snow grain size (snow metamorphism).

Figure 16. Monthly mean climatology of surface albedo at the five AWS stations
extending from the ablation region to the dry snow region at nearly 2000m a.s.L.

4.2 Monthly Trends in Albedo
Moving up above the Jakobshavn glacier basin to the individual AWS stations we see

the impact of increasing summer temperatures on the summer albedo (Figure 17). The
largest decreases are observed at the lowest elevation stations, with a maximum trend of -
21%/decade during September at JAR3. Large September trends are also observed at
JAR2 (-13%/decade). Both JAR3 and JAR?2 exhibit similar variability in albedo trends,
with the largest negative trends observed in April, May and September. This could
indicate early melt onset and delay in freeze-up. Mid-summer trends are still quite large,
but not as large as at the start and end of the melt season. This is not too surprising since
these stations already experience a lot of summer melt from June-August.




At JAR1, Swiss Camp and Crawford Point, the strongest declining albedo trends are
observed during July (5.5%, 5.9% and 5.2%, respectively). These results suggest
enhanced summer melt during summer that extends up to the higher elevations of the ice
sheet (i.e. ~2000m.a.sl.). Large negative trends also occur in September at JAR1 and
Swiss Camp, which may Pe a result of a delay in the freeze-up.
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Figure 17(a)-(e). Seasonal variation in linear albedo trends for each month at the
individual AWS stations. Standard deviation in albedo trends are also shown.
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5. Comparison of Albedo in 2002 near the Jakobshavn Glacier with

Long-Term Means .
2002 was a record melt year for the Greenland ice sheet as well as a record low sea

ice year [Serreze et al., 2003]. Melt was observed to begin early in Greenland and extend
up to higher elevations than previously observed. Measurements from the Greenland ice
sheet showed a melt extent of 265,000 square miles (K. Steffen, pers. comm.). This was
a new record, surpassing the maximum melt extent from the past 24 years by more than 9
percent. Melt was also observed up to elevations of 2000m where temperatures are

normAAPIBRIMPEsPeAaiallite,Wpede during 2002 suggest that for the Jakobshavn

glacier melt began earlier than usual with lower albedo observed during May and June
when compared with the long-term mean (Figure 18). Melt during July and August was
similar to normal conditions and the freeze-up of the glacier was not unique when
compared with the long-term mean albedo during September.
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Figure 18. AVHRR-derived climatology of monthly albedo for the Jakobshavn glacier
with MISR (circles) and MODIS (triangles) albedo from 2002.

Above the glacier, similar conditions were observed (e.g. Figure 19), with lower
albedo observed at the start of the melt season (May and June). In Figure 19 the
climatological mean albedo for JAR2 is shown together with the albedo from the
individual MODIS and MISR images. In Figure 20 the corresponding 16-day black sky
albedo is shown for 2000-2002. This data also indicates that melt began earlier in 2002
than it did in either 2000 or 2001. However, in contrast to the Jakobshavn drainage
basin, the albedo was also observed to be lower during June and July at the AWS in
comparison with the long-term mean, suggesting above normal melt during summer 2002
in that region. Since August and September albedo were found to be similar to the
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Figure 19. Climatology of monthly albedo for JAR2 with MISR (circles) and MODIS
(triangles) albedo from 2002.
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Figure 20. Albedo from the MODIS (MOD43) 16-day albedo product for 2000 through
2002 at JAR2.




climatological values, it doesn’t appear that the melt season lasted longer than normal,

only that it began earlier and was substantial in comparison with other years.
Since the melt extended up to elevations above 2000m during 2002, anomalously low

albedo are seen at Crawford Point during summer (Figure 21 and Figure 22). Our results
are consistent with passive microwave observations of melt during 2002 (K. Steffen,
pers. comm.) that showed melt extending to elevations above 2000m during 2002. The
conditions that led to the unusual melt, both over the ice sheet as well as over the Arctic
sea ice can be attributed to anomalously warm temperatures during 2002. Most of the
Arctic, including all of Greenland experienced above normal temperatures during
summer 2002. These warm temperatures led to enhanced summer melt and therefore

-s?u A ?“ &
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Figure 21. Climatology of monthly albedo for Crawford Point with MISR (circles) and
MODIS (triangles) albedo from 2002.




Figure 22. Albedo from the MODIS (MOD43) 16-day albedo product for 2000 through
2002 at Crawford Point.

6. Significance of Resuits

Using a simple energy-balance model gives a general idea of the significance of an
albedo change in terms of melt. We examined the significance of the albedo trends for the
individual AWS using a simple energy balance model. This energy-balance model
calculates melt M on an hourly basis as:

M=(pwL)'S (1-0)+L_+L + Qut Qu+ Qg

where py, is the density of water, L¢is the latent heat of fusion and a is the albedo taken
from the mean monthly values derived from the APP data set as shown in Figure 16. The
incoming shortwave radiation S_ and the incoming longwave radiation L__ are both
determined with parameterizations from Konzelmann and others [1994] established at
ETH/CU camp. The longwave radiation L_ emitted by the surface is calculated in
accordance with the Stefan-Boltzmann law, whereas the sensible and latent heat fluxes,
Qu and Qu, are calculated using the simple bulk transfer approach of Zuo and Oerlemans
[1996]. The last term, Qg, is the change of heat of the thermally active part of the
ice/snow surface which is calculated according to Oerlemans [1991] as
thermodynamically equivalent to a 2~m thick ice layer based on observations of Ambach
[1963]. The annual variation in air temperature is prescribed as a cosine function, with a
temporally varying lapse rate as presented by Steffen and Box [2001] based on data from
the Jakobshavn ablation area.




The significance of an albedo change on ablation can be qualitatively estimated by

imposing a uniform shift of the reference albedo shown in Figure 23 during April to

September, while keeping it unchanged in the winter. The reference albedo is calculated
as an average of the monthly mean albedos of the APP data set over the period 1981 to
2000 (climatological mean) at the AWS sites. The change in annual ablation is calculated

for shifts of -5%, -10%, -15% and -20% in terms of absolute albedo to simulate the
impact of likely albedo trends at different points in the ablation area. As shown in Table
2, a 20% decrease in the albedo would imply a 29% increase in ablation at S00m

elevation and a 189% increase at 1000m elevation. Current estimates in changes of

albedo near the Jakobshavn glacier reveal decreases of 20%/decade at 300m, 10%/decade

at 500m and 5%/decade at 1000m.

Ref. albedo at JAR3, -2, —1, Swiss Camp, Crowford Point
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Figure 23. Reference albedo at JAR3, JAR2, JAR1, Swiss Camp and Crawford Point

used to force the energy balance ablation model.




Table 2. Computation of annual ablation in meters given for different % albedo changes.
The reference case shows the annual ablation using the climatological mean summer

eI AR JAR2 JAR1 [ETH

|Ref 3.05 126 P19 P

-20% P41 1.62 0.47 0.18
12% PR9%  [189% {180%
-15% 3.32 1.53 040 0.12
9% 21% |110% |120%
-10% .23 144 032 0.07
6% 14% 68% [10%
-5% 3.14 135 .25 0.03
B% 7% B32%  B0%
+5%  [2.95 1.17 0.13 0
-3% -7% -32%

6. Conclusions
A change in the Greenland climate towards warmer temperatures will lead to an

increase in surface melting and a subsequent increase in the rate of ice flow through
lubrication of the bed. Acceleration of the glaciers of a large ice sheet such as the
Greenland ice sheet will significantly contribute to a rise in sea level, which is currently
rising by approximately half an inch per decade. Enhanced runoff from the Greenland
ice sheet, together with excessive melting of the sea ice has the potential to “cap” deep
e comcsion f the NoihAToeds srferRineai e gl s <imulen
3gcrcases in the albedo except at the terminus of the Petermann and Jakobshavn glaciers.
However, since contamination of the satellite pixel by land and water is likely, not much
confidence can be placed in the results at these locations. The Jakobshavn drainage basin
does not reveal any significant decreases in albedo since 1981 that would help to explain
recent thinning at this glacier in terms of increased surface melt. The same is true at the
Kangerdlugssuaq glacier. Thus, even though coastal temperatures have increased
significantly in recent years, the thinning of the Jakobshavn and Kangerdlugssuaq
glaciers cannot be explained by ablation driven by surface energy balance. However,
above the Jakobshavn drainage basin, large summer decreases in albedo have occurred
over the past 20 years, which will have a considerable impact on the amount of ablation
in the region. Large decreases in albedo are apparent at the AWS near the Jakobshavn
glacier, particularly throughout most of the 1990s. The largest decreases in surface




albedo were found during spring at the lower elevation sites and during mid summer at
higher elevations, suggesting that melt is beginning earlier than normal near the coast and
is extending up to higher elevations during summer. This is the scenario observed during
the anomalously warm and extreme melt year of 2002.

The significance of the decreases in summer albedo will depend on when and where
they occur. It could be possible that the increases in surface melt above the drainage
basin may influence glacier ice dynamics by transmission of surface melt water to the
base of the Jakobshavn glacier. However, in order to fully assess the impact of albedo
change during the period of thinning observed by Thomas et al. [2003] (1997-2002), a
more detailed analysis of the albedo change and corresponding ablation change is needed
in comparison to the period of 1981-1996. This will require collecting all the necessary
data to do a full energy balance model of the Jakobshavn glacier which is out of the scope
of this project.
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Greenland glacier albedo variability
Final Report for NASA Grant NAG5-10600

Summary
The program for Arctic Regional Climate Assessment (PARCA) is a NASA-

funded project with the prime goal of addressing the mass balance of the Greenland ice
sheet. Since the formal initiation of the program in 1995, there has been a significant
improvement in the estimates of the mass balance of the ice sheet. Results from this
program reveal that the high-elevation regions of the ice sheet are approximately in
balance, but the margins are thinning (Krabill et al., 2000). Laser surveys reveal
significant thinning along 70 percent of the ice sheet periphery below 2000 m elevations,
and in at least one outlet glacier, Kangerdlugssuaq in southeast Greenland, thinning has
been as much as 10 m/yr (Thomas et al., 2000). This study examines the albedo
variability in four outlet glaciers to help separate out the relative contributions of surface
melting versus ice dynamics to the recent mass balance changes. Analysis of AVHRR
Polar Pathfinder albedo shows that at the Petermann and Jakobshavn glaciers, there has
been a negative trend in albedo at the glacier terminus from 1981 to 2000, whereas the
Stor+strommen and Kangerdlugssuaq glaciers show slightly positive trends in albedo.
These findings are consistent with recent observations of melt extent from passive
microwave data which show more melt on the western side of Greenland and slightly less
on the eastern side. Significance of albedo trends will depend on where and when the
albedo changes occur. Since the majority of surface melt occurs in the shallow sloping
western margin of the ice sheet where the shortwave radiation dominates the energy
balance in summer (e.g. Jakobshavn region) this region will be more sensitive to changes
in albedo than in regions where this is not the case. Near the Jakobshavn glacier, even
larger changes in albedo have been observed, with decreases as much as 20 percent per
decade. Using a simple energy balance model to derive melt rates, a 20 percent/decade
decrease in albedo will result in 29 percent more melt at 500 m and 189 percent more
b Een el e e e e

ea{) ecreaseso percen cade at 3 ercent/decad m, an
vaYua e 1ns%§ht into th mass ba ance of Ereenlg dic ice sheet e g omas et al

38{)6:“ %25 others, 2000] Results from this program have revealed that the high-
elevation regions of the ice sheet are approximately in balance, but the margins are
rapidly thinning [Krabill and others, 2000]. Laser surveys reveal significant thinning
along 70% of the ice sheet periphery below 2000m elevations. At the same time, passive
microwave-derived melt estimates show a 1%/yr increase in melt area since 1979
[Abdalati et al., 2001]. This melt is directly related to ablation through runoff and

surface evaporation and indirectly linked to increased discharge through lubrication of




the bedrock/ice. Since the dominant source of energy for melting during summer comes
from the absorption of solar radiation, the albedo becomes an important parameter in
understanding melt. Unfortunately, there have been a limited number of studies on the
variability of albedo of the Greenland ice sheet, in part because of the lack of reliable
albedo estimates. Some studies have looked at the variability in albedo at certain
locations around Greenland using satellite imagery [e.g. Stroeve,2002; and Knap and
Oerlemans,1996].

The Jakobshavn glacier is known to be one of the fastest discharge glaciers in the
world, moving at a rate of approximately 7 km per year (~20 m/day). This glacier is
located in west Greenland (69.2°N, 49.8°W) and calves new icebergs into Disko Bay
every day, some of which are several kilometers long. This greatest iceberg-producing
glacier measures only 7 kilometers along its front and is 90 meters above sea level.
Studies have shown that the total calving flux during summer is substantially greater than

durm%b winter and that summer melmig and th g lgsea ice an, g:eb r2s lm the
orne laser-alfimeter surve n avn basin reveal t att acier

fjod arg mportant feclors n contgling §%§ Jbe‘s%‘itérs% imer positive temperature
anomalies [Abdalati et al., 2001]. However, Thomas et al. [2003] report sustained
thinning of several meters per year within 20 km of the ice front since 1997. They
conclude that the thinning since 1997 results from dynamic processes rather than
increased melting or reduced snowfall. However, sustained changes in summer
temperature will have an immediate impact on surface melt rates, which may affect
glacier dynamics by lubrication of the bed by melt water. Therefore, an increase in

surfacsragltingrener HetpiBcprifacs plad BHOeIRERR cbanss s DR LEibe Mmatmdalaisas
letag dakabshavhglecniandsuibeuneingangs for the Jakobshavn glacier and other
glaciers, this study examined the albedo variability from April through September using
satellite imagery at four outlet glaciers and 5 Automatic Weather Stations (AWS) sites
near the Jakobshavn glacier. The longest, most consistent estimate of the surface albedo
of polar regions comes from the Advanced Very High Resolution Radiometer (AVHRR)
Polar Pathfinder (APP) data set. This product is used to examine albedo variability from
1981 to 2000. Data from the Moderate Resolution Imaging Spectro-Radiometer

(MGRISonTH dbsoMivtiane ke Froagi ng: &ied; trgeadionaeign kYIRS wsed fo ebaninhche
slbesiee dbatib2®Wstion 111 discusses the albedo variability in the individual glaciers and
the Jakobshavn region and shows how 2002 compares with the long term mean in
western Greenland. Section IV discusses the significance of the albedo variability in
western Greenland terms of changes in ablation and section V follows with a discussion

as to some of the causes for the large reductions in albedo observed during 2002.
2. Data and Processing Steps
2.1 Study Region



Figure 1 shows the location of the four glaciers studied: Petermann, Storstrommen,
Kangerdlugssuaq and Jakobshavn. These are briefly discussed below. All glacier

boundary information came from the Geological Survey of Denmark and Greenland
(GUES).
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Figure 1. Location of glaciers investigated in this study.

Kangerdlugssuaq Glacier

This glacier is located on the east coast of Greenland (68°N, 33°W). In the past five
years, the Kangerdlugssuaq glacier has thinned about 50 m (Thomas et al., 2000). An
AWS is located within this region and can provide additional and validation information
on the surface albedo and other fluxes. The catchment region of Kangerdlugssuaq glacier
is well defined and velocity estimates have been made for 1966, 1988, 1996 and 1999.
Details are given in Thomas et al. (2000).




Storstremmen Glacier

Situated in northeast Greenland (77°N, 23°W) near Dove Bay and Danmarkshavn, this
glacier has been quiescent in the past few years, after surging in the 1980s (Bgggild et al.,
1994; Reeh et al., 1994). Thus, all current mass balance losses/gains at the stagnation
point (77°N, 22.7°W) are attributable to ablation/accumulation variability.

Petermann Glacier :

Petermann glacier is a large glacier that is in a state of negative mass balance (Rignot et
al., 1997). It has a catchment of 71,580 km” and discharges at about 12 km*/yr. In 2002,
there was about 1.5m ablation (K. Steffen, pers. comm.) A comprehensive new survey
was performed in 2002 using the NASA airborne laser altimeter. These altimeter data
have characterized both surface elevation and surface roughness and are new
deployments of are planned for 2003 and into the future (W. Krabill, pers comm.).
Moreover, Petermann is a very wide glacier with flat and shallow freeboard, and
experiences a tremendous degree of basal melting - nearly ten times that of the ice
shelves in Antarctica (Rignot, 1996). Thus, understanding the relative importance of

ﬁa%e 0 basa] melt is important for accurate interpretation of the balance mechanisms.
avn Glacier

The Jakobshavn glacier (69.2°N, 49.8°W) in west Greenland is believed to by the fastest
flowing glacier, with 7 km per year movement (20m/day). The glacier Jakobshavn
catchment area lies within the dry-snow zone but a significant portion also includes the
percolation and ablation regions with significant annual melt rates of several m a” per
year. Within this region of the ice sheet there are several automatic weather stations,
which are part of the Greenland Climate Network (GC-Net) [Steffen et al., 1996], starting
with JAR 3 (69.2°N, 50.2°W) at 323 m elevation, followed by JAR 2 (69.3°N, 49.5°W) at
650 m and JAR 1 (69.5°N, 49.7°W) at 962 m. At the equilibrium line altitude there is
another AWS, the Swiss Camp (69.6°N, 49.3°W) at 1149 m. These stations provide data
along the glacier and as such, they are useful for comparison with albedo estimates from
satellite imagery. Of all our study a%(laclers Jakobshavn is the one w1th the most
3 “{)ere Shove AMTIOR Mass el fisJaRshay lacier draped Over A e AL 190 1.
xtensgl) Elaser altimeter mapping of the glacier took place in 1997, 1998, and 2002.
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Figure 2. MISR image during May of the Jakobshavn glacier. The albedo is seen to be
high surrounding the glacier tongue, albedo near 0.8, but on the glacier tongue the
albedo is much lower, near 0.4 (bare ice).

2.1 AVHRR Polar Pathfinder Data
Clear sky surface albedo from 1981 to 2000 comes from the AVHRR Polar

Pathfinder (APP) data set, archived and distributed by the National Snow and Ice Data
Center (NSIDC). The data set is available twice daily at two different spatial resolutions,
1.25 km and 5 km. The 5 km data set spans July 1981 through December 2000, whereas
the 1.25 km product only covers August 1993 through December 1998 for the northern
hemisphere with significant gaps between 1993 and 1998. Product data include
calibrated reflectances (visible channels) and temperatures (thermal channels) for five
AVHRR channels, clear sky surface broadband albedo and skin temperature, solar zenith
angle, satellite elevation angle, sun-satellite relative azimuth angle, surface type mask,



cloud mask, orbit mask, and time of acquisition. The data have been composited onto two
grids per day based on common local solar times and scan angle. Since the 1.25 km
resolution data only have a limited temporal coverage, the coarser 5 km product was used
instead.

For each station, as well as for the entire Jakobshavn drainage basin, clear sky surface
albedo were extracted from the APP 5-km product. Although a cloud mask accompanies
the APP data set, this cloud mask was found to be inadequate over Greenland [Stroeve,
2002]. Therefore it was necessary to manually cloud filter all the albedo images. This
was accomplished by visual inspection of the surface temperature and albedo images.
Following filtering the images for clouds, monthly mean albedo were derived for each

month f il through September. ini 15 cl Ky i
o1 95 4B gt Stember 4 minimum of L3 clea sk images yap ncessary

o e e s scon hauities GCto s (D Ao Elicir egon,
albedo is dependent upon the solar zenith angle. To minimize this effect, all albedo were
normalized to local solar noon, using a polynomial fit to modeled albedo simulations
obtained using the Discrete Ordinates (DISORT) model [Stammes et al. 1988]. In
modeling the surface albedo a constant snow grain size of 250 microns was assumed.

The eSETISRORIYY TSRS IPE AN BeTth s TR deTi ygd. @ monthly climatology plus

departures from the mean (monthly anomalies) were calculated. The data were then
resampled to 625-m using nearest neighbor sampling to overlay the albedo on a Digital
Elevation Model (DEM). The DEM used is an enhanced version of the DEM provided
by KMS (Ekholm, with contributions from Bamber), using AVHRR images to improve
the spatial detail of the interior of the Greenland ice sheet (no closer than 15km from the
nearest rock exposure). The AVHRR images used in improving the DEM (approximately

35) Y AS AP LG AB0HS SRANGEAul BTeANd AR AT AL FRw LRGP IS RROf
QPQEM%&Q]M situ-measured surface albedo at several AWS in Greenland,
including two stations in the ablation region on the western margin of the ice sheet.
Results from the study showed that the albedo was approximately 6% less (in terms of
absolute albedo) than that measured at the AWS. In a more recent study, Ahlstrom (in
press) compared APP albedo during 2000 in the ablation region along the western ice
margin. Results indicated that the APP albedo was on average 4.2% (absolute albedo)
less than that measured locally. The study also concluded that the narrow-to-broadband
(NTB) model used in the APP product performed equally well over the entire range of
broadband albedos from 0.09 to 0.63. This result is important to the present study since it

mAiMRDIS and MISR BatellittRatanow and ice albedo in the APP product.

To extend our study to include more recent years, the surface albedo for 2002 is
derived for the Jakobshavn glacier using data from both MODIS and MISR flown on the
Terra platform. Table 1 lists the number of clear-sky MISR and MODIS images
processed. Surface albedo is derived from the MODIS Level 1B data gridded to the 1.25-




km EASE grid using channels 1-5 following Stroeve and Nolin [2003]. This method uses
a linear combination of MODIS spectral channels 1-7 to derive the surface albedo. The
MISR Level 1B data

Table 1. List of MISR and MODIS I evellB_imagery used in this smdy.
MISR MODIS
04/21/02 06/02/02
04/28/02 06/12/02
05/02/02 06/16/02
05/30/02 06/29/02
07/01/02 07/01/02
09/02/02 07/07/02

07/08/02
08/01/02
OR/29/02
09/01/02

is used to derive the surface albedo at 275-m spatial resolution using a linear combination

of the red channel multiangle measurements as described in [Stroeve and Nolin, 2002].
Figure 3(a) and (b) show how well the MISR and MODIS albedo using the methods

of Stroeve and Nolin [2003; 2002] compare with in situ measurements available from
some of the GC-Net AWS. In Figure 3(a), 53 MISR predicted albedo are compared with
albedo measurements from 7 different AWS locations, including sites in the
accumulation and ablation regions using MISR imagery acquired in 2000, 2001 and
2002. Some large scatter is observed at low albedo values, which reflects the difficulty in
;‘;‘ifl}‘ggu‘r‘ér%‘(:ﬁ)c gﬁé’ivaé’?é’éifn‘ée r“(”)?f?;}nst%‘r%?f‘n? arisons betéen MO r&‘(‘)&;;)fii& Hedo
at the < umn(a&%rﬁ%uig%er%gion and at %if?&%ﬁggﬁ mﬁ) lf\'?dre scatter is seen
in the MODIS results than in the MISR results. Similar problems are observed in the
AVHRR albedo and are in part a result of the accuracy of the Bidirectional Reflectance
Distribution Function (BRDF) model used in converting from a directionally dependent
satellite measurement to a hemispherical albedo measurement. When the satellite
viewing angles are oblique, the BRDF model does not perform as well, and large errors
in the surface albedo occur. Therefore, for the MODIS data, we limited the satellite
viewinglangh o lesaiisinidHemnsdiy ficdHah CTHIY Aesat B i theartAryiblthe BRDF
ahyaestifined albedo from the MODIS 16-day (MOD43) albedo product [Schaaf et al.,
2002]. This product includes black sky (direct beam directional hemispherical albedo)
and white sky albedo (completely diffuse bihemispherical albedo) for the first seven
spectral bands of the MODIS instrument as well as for three broadbands (0.3 — 0.7um,
0.7-5.0um, 0.3-5.0um). Intercomparisons with in situ data at several of the AWS reveal
that the MOD43 albedo is within 5% of the in situ albedo [Stroeve et al., submitted].
Here we use the MODA43 albedo product to examine the albedo from 2000-2002.
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Figure 3(a). Comparison between MISR-predicted and in situ measured surface albedo
at several AWS sites in Greenland using data from 2000, 2001 and 2002.
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Figure 3(b). Comparison between MODIS-predicted and measured surface albedo over
Greenland using data from 2000 and 2001.

3. Results

3.1 Seasonal Variability of Albedo
The following figures summarize the seasonal variability in surface albedo for the

drainage basin of the individual glaciers as defined by the corner points from GUES.
Results are shown for three locations: at the glacier terminus, mid-way up the glacier and
at the start of the drainage basin.




Petermann Glacier
At the start of the glacier boundary there is some decrease in albedo during summer as

the snow melts and exposes the bare ice below. Similarly, mid-way down the glacier the
albedo shows a similar seasonal variability, but with slightly lower albedo during July
and August than at the start of the glacier boundary. Snow-fall in later summer brings the
surface albedo back up to values near the start of the summer. At the glacier terminus
however, not much snow-fall occurs and the albedo during April and May is that of bare
ice (0.6). As the temperatures warm during summer, surface melting causes the albedo to
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Figure 4. Seasonal variability of albedo at the Petermann glacier.




Kangerdlugssuaq Glacier

The start of this glacier there is not much seasonal variability in the surface albedo. The
elevations are above 2000m and thus little or no melt occurs. However, further
downstream the snow does melt off the glacier during summer exposing the bare ice and
at the glacier terminus the surface albedo remains low from July through September. In
contrast to the Petermann glacier, the Kangerdlugssuaq glacier receives more snowfall
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Figure S. Seasonal variability at the Kangerdlugssuaq glacier.



Storstremmen Glacier

Storstrommen is a large discharge glacier that experiences a large seasonal variability in
surface albedo throughout the glacier. Large decreases in albedo are observed at the start
of the glacier boundary during summer as well as throughout the drainage basin. In
contrast to the Petermann and Kangerdlugssuaq glaciers, the albedo at the terminus

reaches its low during July but then increases during August and September. Most the
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Figure 6. Seasonal variability at the Storstrommen glacier
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Jakobshavn Glacier
The Jakobshavn glacier in western Greenland experiences a large amount of ablation

during summer. Even at the upper reaches of the glacier, significant melt occurs and the

snow quickly melts during summer leaving the bare ice exposed. At the glacier terminus
very large decreases in albedo are seen and the albedo remains low from July-September,
whereas upstream new snow causes the albedo during September to return to values
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Figure 7. Seasonal variability at the Jakobshavn glacier.




3.2 Interannual Variability in Albedo
The following figures show the mean surface albedo averaged over the entire glacier

drainage basin for each year as well as the departures from the mean (given in units of
standard deviation). Missing data points are a result of not enough clear sky images
during the month to derive the mean for that month.

Petermann Glacier
During the early to mid-80s the albedo show similar seasonal cycles, but during the late

80s and the mid to late 90s there is a tendency towards lower mid-summer albedo. In
addition, in the mid to late 90s the seasonal variability in albedo has increased in
amplitude, with lower summer albedo than in previous years, suggesting increased
ablation during this time-period. Overall, there is a slightly negative albedo trend which
is influenced by the decrease observed during the past decade.
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Figure 8(a). Surface albedo from 1981-2000 at the Petermann Glacier.
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Figure 8(b). Departures from the mean.

Kangerdlugssuaq Glacier
In contrast to the Petermann glacier there is a stronger seasonal cycle of the surface

albedo for this glacier. This is because the Petermann glacier does not experience a lot of
snowfall, whereas the Kangerdlugssuaq glacier does. In the late 80s and early 90s the
albedo was observed to be anomalously low during spring and late summer compared to
the previous years. The low albedo observed in 1988, 1990 and 1995 correspond to
earlier melt (e.g. April-June) which agrees with previous passive microwave melt
observations in this area. Overall there is a slightly positive trend in the surface albedo
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Figure 9(a). Surface albedo from 1981-2000 at the Kangerdlugssuaq Glacier.
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Figure 9(b). Departures from the mean.

Storstremmen Glacier

This glacier also experiences even larger seasonal variability than the Kangerdlugssuaq
glacier. Anomalously low albedo were observed during the mid 80s when the glacier
was surging, but since then, the trend has been towards an increase in the surface albedo,
especially during the late 90s. Since the glacier is now known to be quiescent it is not
surprising that the albedo increased during the 90s compared with the 80s.
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Figure 10(a). Surface albedo from 1981-2000 at the Storstremmen Glacier
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Jakobshavn Glacier
Again, large seasonal variability in surface albedo occurs for this glacier. The low albedo

during 1995 agrees with observations of surface melt from passive microwave data.
Similarly, the peak in 1996 corresponds to early freeze-up and an overall low melt year.
The peak in 1992 corresponds to the eruption of Mt. Pinatubo during summer 1991 that
resulted in low temperatures during 1992 and very little melt. Similarly, the anomalously
high albedo in 1983 followed from the eruption of El Chichon.

Alhedo

Figure 11(a). Surface albedo from 1981-2000 at the Jakobshavn Glacier.
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Figure 11(b). Departures from the mean.

3.3 Monthly Trends in Albedo
The following figures show the individual monthly trends in surface albedo for each

glacier together with the standard deviation. Results are given for at the glacier terminus,
mid-way up the glacier, at the start of the drainage basin, and the average of the entire
glacier drainage basin.

Petermann Glacier
No significant changes in albedo near the upper reaches of the glacier, except during

September. However, there are decreases in albedo during June and July near the
terminus of the glacier. Thus, some of the recent thinning at this glacier could be a result
of increased surface melt, which appears to be governed by the large reductions in albedo
observed during the late 90s. However, we remain cautious in interpreting trends at the
glacier terminus because of the potential for contamination of the glacier pixel by the
surrounding land/water. In general though, there is a tendency towards lower surface
albedo throughout the drainage basin from June through September.
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Figure 12. Monthly trends in albedo for the Petermann glacier.

Kangerdlugssuaq Glacier
A large positive trend in September albedo is observed throughout the drainage basin but

there is no significant trend in albedo during mid-summer months. In fact, for most of
the glacier, the albedo trends are positive. We do not observe any significant decrease in
albedo at the terminus of the glacier, although this glacier has been shown by laser
altimeter flights to be retreating. Thus, it appears that the recent thinning at terminus is
not a result of increased surface melting.
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Figure 13. Monthly trends in albedo for the Kangerdlugssuaq glacier.

Storstremmen Glacier

At this glacier, diversely different trends are observed at different locations on the
glacier. At the higher elevations (e.g. start of the glacier boundary), there is not a large
change in albedo observed from 1981-2000 except during the month of August where
there has been a negative trend in the surface albedo of around 4%/decade. Further
downstream, the largest negative trend in albedo is also observed during August. At the
glacier terminus however, there is no negative trend in albedo during August. Instead,
there is a slightly negative albedo trend during spring. Overall, the albedo trend has been
positive at this glacier for all months, except August.
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Figure 14. Monthly trends in albedo for the Storstremmen glacier.

Jakobshavn Glacier
Little albedo trends are observed over the upper reaches of the glacier and when taken as

a whole, the glacier shows slightly positive trends in albedo during each month. The
largest negative trend in albedo is found during mid and late summer near terminus of
glacier. Thus, results could suggest enhanced summer melt and delay in freeze-up near
end of glacier which would support recent observations of significant retreat of the
Jakobshavn glacier. However, at this glacier as well as at the other glaciers, caution is
needed when interpreting results near the glacier terminus as the satellite pixel is likely a
mixture of not only the glacier, but also the surrounding land and water.
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Figure 15. Monthly trends in albedo for the Jakobshavn glacier.

4. Changes in Albedo near the Jakobshavn Glacier

4.1 Seasonal Variability in Albedo
Figure 16 shows the monthly climatologies of albedo for the individual AWS near the

Jakobshavn glaciers. As expected, the strongest seasonal variability in albedo occurs at
the lowest elevation site (JAR3). At this site, albedo in spring and early summer is
slightly greater than 0.6 (bare ice), but as the summer progresses, melt and melt ponding,
result in a rapid decline in albedo so that by August the mean albedo is near 0.26.
However, since this site is located only 200m away from the coast, mixed pixel effects
with the adjacent land may also contribute to the low summer albedo observed at this
station. Furthermore, in mid-melt season, the dust (cryonconite) effect is probably
significant. Cryonconite accumulates on the net ablation surface since the net ice motion
is vertically upward, and therefore, it concentrates at the surface with time leading to low
late-summer albedos at JAR3 (J. Box, pers. comm.).

Slightly further up the ice sheet at JAR2 the albedo values are about 10% higher
during spring and early summer than at JAR3. The surface may be snow-covered during
April, but as the temperatures warm, the snow melts off leaving the bare ice exposed.
Further melting results in significant melt ponding and the albedo reaches its minimum
during August (~0.4). At JARI, Swiss Camp, and Crawford Point, the albedo during
May and June are similar since the surface is covered by new or dry snow. However,
since JARI is still in the ablation region, the snow melts, exposing the bare ice during
summer and melt ponds form so that the albedo reaches its low of around 0.52 in July.



Melting persists during August and part of September and the albedo is about 10% less at
the end of the melt season (e.g. September) than at the beginning of the melt season (e.g.
April and May).

Swiss Camp is located at the equilibrium line altitude of the Greenland ice sheet. It is
snow covered at the start of the summer season, but significant melting occurs during the
summer months, particularly in July and August. Melt lakes that form within about 1km
of the AWS contribute to the low albedo observed in the satellite observation for this
station. By September however, new snow fall and colder temperatures cause the mean

albedld Mﬁqﬁg&gbpm{g.ﬁmg varighility in albedo throughout the summer months.

This is expected since the station is in the accumulation region of the ice sheet where
there is little or no melt. There is a slight decrease seen in the albedo during June, July
and August that could be caused by some surface melting or by lack of precipitation and

T=ice a reduction in albedo caused by increase in snow grain size (snow metamorphism).

Figure 16. Monthly mean climatology of surface albedo at the five AWS stations
extending from the ablation region to the dry snow region at nearly 2000m a.s.l.

4.2 Monthly Trends in Albedo
Moving up above the Jakobshavn glacier basin to the individual AWS stations we see

the impact of increasing summer temperatures on the summer albedo (Figure 17). The
largest decreases are observed at the lowest elevation stations, with a maximum trend of -
21%/decade during September at JAR3. Large September trends are also observed at
JAR?2 (-13%/decade). Both JAR3 and JAR2 exhibit similar variability in albedo trends,
with the largest negative trends observed in April, May and September. This could
indicate early melt onset and delay in freeze-up. Mid-summer trends are still quite large,
but not as large as at the start and end of the melt season. This is not too surprising since
these stations already experience a lot of summer melt from June-August.




At JARI1, Swiss Camp and Crawford Point, the strongest declining albedo trends are
observed during July (5.5%, 5.9% and 5.2%, respectively). These results suggest
enhanced summer melt during summer that extends up to the higher elevations of the ice
sheet (i.e. ~2000m.a.sl.). Large negative trends also occur in September at JAR1 and
Swiss Camp. which may be a result of a delay in the freeze-up.
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Figure 17(a)-(e). Seasonal variation in linear albedo trends for each month at the
individual AWS stations. Standard deviation in albedo trends are also shown.




5. Comparison of Albedo in 2002 near the Jakobshavn Glacier with

Long-Term Means
2002'was a record melt year for the Greenland ice sheet as well as a record low sea

ice year [Serreze et al., 2003]. Melt was observed to begin early in Greenland and extend
up to higher elevations than previously observed. Measurements from the Greenland ice

sheet showed a melt extent of 265,000 square miles (K. Steffen, pers. comm.). This was

a new record, surpassing the maximum melt extent from the past 24 years by more than 9
percent. Melt was also observed up to elevations of 2000m where temperatures are

n orrﬁmstm d’f&Pﬁ%}{Fﬁgt&a&sﬂﬁ during 2002 suggest that for the Jakobshavn

glacier melt began earlier than usual with lower albedo observed during May and June
when compared with the long-term mean (Figure 18). Melt during July and August was
similar to normal conditions and the freeze-up of the glacier was not unique when
compared with the long-term mean albedo during September.
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Figure 18. AVHRR-derived climatology of monthly albedo for the Jakobshavn glacier
with MISR (circles) and MODIS (triangles) albedo from 2002.

Above the glacier, similar conditions were observed (e.g. Figure 19), with lower
albedo observed at the start of the melt season (May and June). In Figure 19 the
climatological mean albedo for JAR?2 is shown together with the albedo from the
individual MODIS and MISR images. In Figure 20 the corresponding 16-day black sky
albedo is shown for 2000-2002. This data also indicates that melt began earlier in 2002
than it did in either 2000 or 2001. However, in contrast to the Jakobshavn drainage
basin, the albedo was also observed to be lower during June and July at the AWS in
comparison with the long-term mean, suggesting above normal melt during summer 2002
in that region. Since August and September albedo were found to be similar to the
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Figure 19. Climatology of monthly albedo for JAR2 with MISR (circles) and MQDIS
(triangles) albedo from 2002.

Figure 20. Albedo from the MODIS (MOD43) 16-day albedo product for 2000 through
2002 at JAR2.



climatological values, it doesn’t appear that the melt season lasted longer than normal,

only that it began earlier and was substantial in comé)arison with other years.
Since the melt extended up to elevations above 2000m during 2002, anomalously low

albedo are seen at Crawford Point during summer (Figure 21 and Figure 22). Our results
are consistent with passive microwave observations of melt during 2002 (K. Steffen,
pers. comm.) that showed melt extending to elevations above 2000m during 2002. The
conditions that led to the unusual melt, both over the ice sheet as well as over the Arctic
sea ice can be attributed to anomalously warm temperatures during 2002. Most of the
Arctic, including all of Greenland experienced above normal temperatures during
summer 2002. These warm temperatures led to enhanced summer melt and therefore
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Figure 21. Climatology of monthly albedo for Crawford Point with MISR (circles) and
MODIS (triangles) albedo from 2002.




Figure 22. Albedo from the MODIS (MOD43) 16-day albedo product for 2000 through
2002 at Crawford Point.

6. Significance of Results

Using a simple energy-balance model gives a general idea of the significance of an
albedo change in terms of melt. We examined the significance of the albedo trends for the
individual AWS using a simple energy balance model. This energy-balance model
calculates melt M on an hourly basis as:

M=(pwLy)'S_(1-0) +L_+L_+ Qu+ Qi+ Qg

where py, is the density of water, Ly is the latent heat of fusion and « is the albedo taken
from the mean monthly values derived from the APP data set as shown in Figure 16. The
incoming shortwave radiation S_ and the incoming longwave radiation L are both
determined with parameterizations from Konzelmann and others [1994] established at
ETH/CU camp. The longwave radiation L _ emitted by the surface is calculated in
accordance with the Stefan-Boltzmann law, whereas the sensible and latent heat fluxes,
Qu and Q, are calculated using the simple bulk transfer approach of Zuo and Oerlemans
[1996]. The last term, Qg, is the change of heat of the thermally active part of the
ice/snow surface which is calculated according to Qerlemans [1991] as
thermodynamically equivalent to a 2~m thick ice layer based on observations of Ambach
[1963]. The annual variation in air temperature is prescribed as a cosine function, with a
temporally varying lapse rate as presented by Steffen and Box [2001] based on data from
the Jakobshavn ablation area.



The significance of an albedo change on ablation can be qualitatively estimated by
imposing a uniform shift of the reference albedo shown in Figure 23 during April to
September, while keeping it unchanged in the winter. The reference albedo is calculated
as an average of the monthly mean albedos of the APP data set over the period 1981 to
2000 (climatological mean) at the AWS sites. The change in annual ablation is calculated
for shifts of -5%, -10%, -15% and -20% in terms of absolute albedo to simulate the
impact of likely albedo trends at different points in the ablation area. As shown in Table
2, a 20% decrease in the albedo would imply a 29% increase in ablation at 500m

elevation and a 189% increase at 1000m elevation. Current estimates in changes of
albedo near the Jakobshavn glacier reveal decreases of 20%/decade at 300m, 10%/decade

at 500m and 5%/decade at 1000m.

Ref. glbedo at JAR3, -2, —1, Swiss Camp, Crawford Point
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Figure 23. Reference albedo at JAR3, JAR2, JAR1, Swiss Camp and Crawford Point

used to force the energy balance ablation model.



Table 2. Computation of annual ablation in meters given for different % albedo changes.
The reference case shows the annual ablation using the climatological mean summer

TRS VAR JARI [ETH

[Ref 3.05 1.26 0.19 0

-20% .41 162 047 0.18
12%  R9%  |189% [180%
-15% .32 1.53 040 0.12
0% 21%  |110%  |120%
-10% .23 144 .32 0.07
6% 14% 68% [10%
-5% 3.14 135 .25 0.03
3% 7% 32%  PB0%
+5%  [2.95 1.17  0.13 0
-3% -7% -32%

6. Conclusions
A change in the Greenland climate towards warmer temperatures will lead to an

increase in surface melting and a subsequent increase in the rate of ice flow through
lubrication of the bed. Acceleration of the glaciers of a large ice sheet such as the
Greenland ice sheet will significantly contribute to a rise in sea level, which is currently
rising by approximately half an inch per decade. Enhanced runoff from the Greenland
ice sheet, together with excessive melting of the sea ice has the potential to “cap” deep

water convection in the No h At} tic an grfofoundl imp ct %lobal ogean circulation
nyestigation of the surface albedo at the four glaciers t reveal any sigmificant

3’écr‘é£§2€ 1% the albedo except at the terminus of the Petermann and Jakobshavn glaciers.
However, since contamination of the satellite pixel by land and water is likely, not much
confidence can be placed in the results at these locations. The Jakobshavn drainage basin
does not reveal any significant decreases in albedo since 1981 that would help to explain
recent thinning at this glacier in terms of increased surface melt. The same is true at the
Kangerdlugssuaq glacier. Thus, even though coastal temperatures have increased
significantly in recent years, the thinning of the Jakobshavn and Kangerdlugssuaq
glaciers cannot be explained by ablation driven by surface energy balance. However,
above the Jakobshavn drainage basin, large summer decreases in albedo have occurred
over the past 20 years, which will have a considerable impact on the amount of ablation
in the region. Large decreases in albedo are apparent at the AWS near the Jakobshavn
glacier, particularly throughout most of the 1990s. The largest decreases in surface




albedo were found during spring at the lower elevation sites and during mid summer at
higher elevations, suggesting that melt is beginning earlier than normal near the coast and
is extending up to higher elevations during summer. This is the scenario observed during
the anomalously warm and extreme melt year of 2002.

The significance of the decreases in summer albedo will depend on when and where
they occur. It could be possible that the increases in surface melt above the drainage
basin may influence glacier ice dynamics by transmission of surface melt water to the
base of the Jakobshavn glacier. However, in order to fully assess the impact of albedo
change during the period of thinning observed by Thomas et al. [2003] (1997-2002), a
more detailed analysis of the albedo change and corresponding ablation change is needed
in comparison to the period of 1981-1996. This will require collecting all the necessary
data to do a full energy balance model of the Jakobshavn glacier which is out of the scope
of this project.
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